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Abstract 
Maintaining constant quality is challenging in laser processes where a small focal point down to few micrometers is 
necessary, because the beam focus must be kept within the limits of narrow depth of focus in the entire working area. 
We demonstrated the importance of the focus control in sapphire scribing and silicon surface material removal 
processes. With an online auto-focus system micromachining was made up to 1000 mm/s processing speed with a 
precision of ±2 μm. According to the test results, the auto-focus system significantly improved the process quality 
and reliability and allowed using high processing speeds and large wafer sizes with high precision. 
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1. Introduction 
In many laser micromachining processes, a small focal point (down to a few micrometers) is needed to 
achieve high intensity and to produce small features. Normally reducing the focal point diameter also 
reduces the usable area in the beam direction which satisfies the processing needs. This area, called the 
laser’s depth of focus, can be less than 5 μm, which makes it challenging to maintain the beam focus at 
the correct height in the entire working area. High quality laser micromachining systems enable changing 
the focal height with micrometer precision. However workpiece surface changes during processing leads 
to uneven quality or the failure of the laser process in the workpiece areas where the surface height differs 
too much from the initially set focal height. The workpiece surface height variations may be a result of 
the workpiece shape, the workpiece fastening or workstation precision related issues. Precise auto-focus 
systems which are capable of micrometer accuracy have been studied [1,2,3]. These systems can change 
the focal point position according to a surface, but are often used in microscopes and applications where 
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positioning can take hundreds of milliseconds or even more than one second without considerable 
disadvantage.  
In this paper, we introduce an online auto-focus system which measures the workpiece surface changes 
in real time and changes the position of the focusing optics according to the surface variations. The 
system can achieve good accuracy even when using high processing speeds. This allows high volume 
production in processes where a narrow depth of focus has to be used. The importance of focal height 
control is demonstrated in sapphire scribing and silicon surface material removal processes. In both cases, 
a tightly focused beam and a small focal point are needed which leads to a narrow depth of focus.  
Sapphire laser scribing can be used for separating individual LED devices from a wafer which 
typically consists of several thousand devices [4,5]. One of the important parameters is the laser focal 
position which has a clear effect on the success of the process [5]. A small focal point is needed to exceed 
the ablation threshold and to accurately control how deep within the sapphire the process takes place. 
Silicon is a commonly used material in micromachining and to create precise shapes a small focal point 
and good focal height control are necessary. Changes in focal height affect the focal point size and the 
laser fluence [6]. No material will be removed if the laser fluence decreases below the ablation threshold.  
2. Experimental 
The experiments were made with a precise machine designed for laser micromachining. The 
positioning accuracy of the machine was verified to be ±1 μm using the standard diagnostic test ISO-230. 
The machine had three linear axes(x,y,z) and one rotational axis(r). The laser was attached to the vertical 
axis(z). The axis(z) was used for setting the initial height before the processing. A table with the vacuum 
chuck and the rotation axis(r) was fixed to the axis(x) and could be used for rotating the workpiece. 
During processing, the axes z and y were still and the processing movement was done with the axis(x). 
The maximum achievable speed and acceleration of the axis(x) were 2500 mm/s and 32 m/s2. The laser 
used in the processing tests was a pulsed fiber laser with an average power of 25 W, a pulse length of 30 
ps and a central wavelength of 1064 nm. Beneath the laser there was a vertically and horizontally steady 
structure for the auto-focus system. 
In the auto-focus system, a confocal point sensor measures the workpiece surface and the measurement 
results are sent to a PI-controller. The PI-controller sets a piezoelectric actuator position according to the 
measurement results. The actuator is used to move the optics which focus the laser beam. Because the 
actuator cannot instantly change position, workpiece surface measurement is done beforehand, providing 
sufficient time for the actuator to react to surface height variations. Fig. 1 shows that the measurement 
point is ahead of the laser focal point in the moving direction. The time available for the actuator to reach 
a position (t) depends on the processing speed (v) and distance between processing point and 
measurement point (s), t = s/v. If the actuator can reach a given position faster than it takes to travel from 
the measurement point to the processing point, then an additional delay is applied. If the surface 
measurement was done at the same location as the processing, then the laser focal point would follow the 
surface after an actuator dependent delay and it would not be at the correct height. 
The auto-focus system does not limit the workpiece area and high processing speeds exceeding 1 m/s 
are possible. The system is designed for planar objects and can correct for 400 μm variations in the 
workpiece surface. The processing paths are restricted to straight lines if the measurement is done 
simultaneously with the laser processing. Two confocal sensors are used at opposite sides of the optics to 
enable processing in a back and forth movement. More complex processing paths are also possible to if 
the measurement is done beforehand, but this increases processing time. 
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Fig. 1.  In step a) the confocal sensor measures the surface height. The actuator changes the position of the optics according to the 
measurement so that the laser focal point is correct when the laser arrives at the same point in step b). The time available 
for the actuator to react to surface height changes depends on the processing speed v and the distance s between the 
measurement point and the laser focal point 
Two materials, silicon and sapphire, were processed. The workpieces were a 150 mm silicon wafer and 
a 50 mm sapphire wafer. The microscope optics used for the beam focusing had 100x magnification and a 
numerical aperture of NA = 0.7. Moving paths were straight lines, which started outside of the wafer and 
continued across to the other end of the wafer. Acceleration and deceleration were done outside of the 
wafer and constant speed was used above the workpieces. 
The silicon wafer was placed on top of the vacuum chuck which held the workpiece in place firmly. 
Processing speeds of 500 mm/s and 1000 mm/s were used for silicon processing. Two grooves were made 
using both processing speeds. One line for each speed was made using the auto-focus system and another 
line was made without the auto-focus. For the grooves that were produced without the auto-focus, the 
optics height was chosen to be where the focal point was on the surface in the middle of the wafer. By 
comparing the produced grooves, the effects of the auto-focus system and the processing speed can be 
observed. The laser average power used in tests was 3 W with a 4 MHz laser pulse frequency giving the 
pulse energy of 0.75μJ. 
The sapphire wafer was also placed on top of the vacuum chuck, but this time one side of the wafer 
was lifted approximately 150 μm resulting a tilted and concaved sample (fig. 2). This created a surface 
where the first half resembles a normally fastened wafer and the lifted part provided a more challenging 
case for the auto-focus system. 
 
Fig. 2.  Method to hold sapphire wafer in the experiment 
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For sapphire, one line inside the material was made using a processing speed of 600 mm/s, a laser 
average power of 13 W and a laser repetition rate of 4 MHz. Unlike in the silicone processing, the aim 
was not to keep the focal point on the surface, but a fixed distance below the surface. The auto-focus 
system was measuring the top surface of the sapphire, but the laser focal point was adjusted to be 35 μm 
below the measured value. Processing inside the material improves the scribing quality [7]. 
Sapphire processing is very sensitive with regard to a focal point. From experience it is known that 
when working with a wafer with thickness of 100μm, focal point should be 20 to 40 μm below the 
surface. When the focal point is too close to surface, laser line will crack the surface. This makes edge 
quality worse than when the surface is unharmed. On the other hand, when the focal point is too deep 
beneath the surface then the energy of the laser will easily react with the bottom surface and the bottom 
surface is damaged. In LED-production this will damage components on the wafer and lower the yield. 
These are the reasons why the auto-focus system is perfect tool for processing thin sapphire wafers.  
3. Results and Discussion 
In silicon processing, there was a significant difference between the grooves produced using the auto-
focus system and the grooves produced without the focal point control. When the auto-focus system was 
used, the width and material removal rate of the processed grooves were stable for both of the processing 
speeds. The processed lines continue through the wafer without notable changes in the processing quality 
and the widths of the grooves are maintained almost unchanged. Without the auto-focus system there 
were very strong changes in the processing quality and the material ablation threshold was not reached for 
approximately half of the wafer width. Images from processed lines were taken from five different 
locations shown in fig. 3. 
 
Fig. 3.  Processed grooves in the 150 mm diameter silicon wafer and microscope image locations 
The five images taken from processed grooves in silicon are shown on the left side of figs. 4-8. The 
left side images show all four grooves and locations for microscope images taken from a single groove 
are marked with letters a-d. On the right side there are four images that show only a single groove and the 
width of that groove. The low laser power combined with the narrow depth of field causes even small 
focal point changes to have observable effect on the groove width. 
500 mm/s 
1000 mm/s 
1.            2.          3.         4.           5. 
Without auto-focus 
With auto-focus 
Image location 
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Fig. 4.  Image from location 1. Only the grooves made using the auto-focus system are visible 
 
Fig. 5. Images from location 2.  You can see weak and irregular grooves without auto-focus and steady lines with auto-focus 
 
Fig. 6. Images from location 3. Steady processing quality with and without the auto-focus 
 
Fig. 7. Images from location 4. Irregular and discontinuous grooves without the auto-focus and steady lines with auto-focus 
 
Fig. 8.  Image from location 5. Without the auto-focus, the laser was in focus only close to the edge of the wafer 
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In sapphire, the processed line was inside the wafer and the distance to the top surface of the material 
varied only a few micrometers. Focal point height changes in relation to the top surface were found to 
have a significant effect on the scribing quality making focal point control a very important aspect. After 
processing the wafer was split by hand following the processed line. The height of the processed line and 
the distance from the top surface was measured from three different locations (from the middle and both 
ends of the wafer) using an optical microscope. The height of the processed line was approximately 26 
μm and the distance variation between the top surface and the processed line was inside ±2 μm.  In fig. 9, 
the processed line is shown before wafer splitting. In fig. 10, three images from different locations of the 
wafer are shown after wafer splitting. Distance from top surface of the wafer to top of the processed line 
was measured from each image. 
 
Fig. 9.  Image from sapphire after the laser processing. The view is from top of the wafer and the microscope focus is inside the 
material at the processed line 
 
Fig. 10. Images from sapphire are inside the wafer after splitting the wafer. The processing speed for the sapphire was 600 mm/s. 
Measurements from the top surface to top of the processed line, on bottom row and left = 23.48 μm, middle = 22.67 μm 
and right = 20.72 μm 
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4. Conclusions 
Process quality and reliability was significantly improved when the auto-focus system was used. The 
measurement results show that the system could keep the focal point at a constant distance below the 
sapphire wafer surface with an accuracy of ±2 μm. The moving speed used in the test was 600 mm/s and 
the wafer was tilted and concaved, creating a more challenging case than normally experienced in wafer 
processing. The quality and groove width of the processed grooves in silicon was constant using 
processing speeds of 500 mm/s and 1000 mm/s. Without the auto-focus system, the silicon processing 
was unstable and ablation threshold was not exceeded in large areas because the laser beam was out of 
focus. Even when using a high quality machine capable of micrometre precision, focal point control is 
needed to achieve process requirements when working with narrow laser depth of focus. Otherwise 
surface changes can cause major quality variations and failure of the process. 
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